INTRODUCTION
Around 1990 the Dutch glasshouse horticultural sector, although small in area, was regarded as a major source of environmental pollution. Large amounts of water with dissolved nutrients were applied to the crop, more than required for optimal uptake. In the case of non-protected cultivation, the excess amount of water and nutrients leached to the groundwater or open water systems. De Willigen and van Noordwijk [14] and van Noordwijk [37] stated that 40-80% of all nutrients applied to tomatoes and cucumber grown on rockwool without recirculation leached from the root zone. Sonneveld [31] estimated that the total leaching from the Dutch glasshouse horticultural sector amounted to 6 × 10 6 kg⋅y -1 for N and K each. Protected cultivation, or recirculation cropping systems offer possibilities to reduce the leaching to the environment. The design and management of such systems requires further research focusing upon the interactions between substrate properties, crop requirement, and fertigation. This can be done via experimental (trial-and-error) research, or via a combination of modelling plus experimental research. Such a model should incorporate existing knowledge of processes occurring in the rooting medium, and helps to understand what is happening inside the root zone. Examples of such combined modelling plus experimental research can be found in [17, 18, 26] .
For some cropping systems, e.g. potting plants [26] or bedding systems [18] , accumulation of solutes near the surface will occur. Accumulation is due to two processes: (1) water evaporates at the surface leaving the solutes behind, and (2) the standard concentration of the nutrient solution is larger than the uptake concentration -defined as the ratio of amount of solute taken up to the amount of water taken up -resulting in accumulation of solutes in the zones of high root densities, i.e. in the top layer of the root zone. For example, the concentration of nitrogen in the nutrient solution for growing tomato in rockwool with recirculation is 12 mmol⋅L -1 , while a typical uptake concentration for this situation is 9.6 mmol⋅L -1 [32] . Too high salt concentrations, reflected by electrical conductivities EC, negatively influence growth [21, 22] . Schwarz et al. [29] showed for a sand bed cropping system (see Sect. 2.1) that less roots were present in zones with high EC. These authors experienced EC values in the range 2 dS⋅m -1 to 7 dS⋅m -1 in the root zone. Based on a limited set of data, these authors concluded that for optimal crop growth in their sand bed cropping system, drippers should be present next to each plant and that a high leaching fraction should be applied. The question remains, however, if other and better methods exist to obtain more uniform solute distributions in the rooting zone. In other words, are alternative fertigation strategies possible?
The aim of this paper is to present briefly a simulation model for describing water movement, solute transport and uptake of water and nutrients by roots in a root zone, and to show, using this simulation model, that different fertigation strategies lead to different EC distributions. It is not an in-depth study to obtain the best strategy, but it demonstrates how a simulation model can help in defining fertigation strategies. No experimental tests have been performed to validate the fertigation scenarios. Only one cropping system, i.e. the sand bed cropping system of Heinen [18] , is considered. However, the same approach was used by Otten [26] for potted plants using a peat-perlite substrate, and Heinen [18] used the same model as presented below for a rockwool system.
MATERIALS AND METHODS

Sand bed cropping system
For crops with a high planting density small volume root zones (such as slabs) are not suitable. Therefore, proper closed recirculation cultivation systems require large scale root zones. Heinen [18] made use of a sand bed system in which several growth conditions could be applied and tested. Heinen [18] gathered experimental data from this system to validate the simulation model described below (example given at the end of Sect. 2.2.1). Figure 1a shows a schematic cross-sectional view of the sand bed cropping system. This cross-section Figure 1 . Schematic representation of the sand bed cropping system (a) and an enlargement of half the root zone between two drains (after [18] ). is perpendicular to the plant rows, drip lines and drains. By representing the true three-dimensional system in this two-dimensional (x, z) way, it is assumed that there are no gradients of processes and quantities along the plant rows, drip lines and drains. In what follows a unit length in the third direction, i.e. ∆y = 1, is assumed. In this way the soil compartment has a volume, so that volumetric quantities have units of cm 3 in stead of cm 2 . Due to symmetry, only half the distance between two drains ( Fig. 1b ) needs to be considered for the use of the simulation model. Coarse sand -median particle size 0.6 mm -in a layer of 15 cm was used as the rooting medium. The drain distance was 80 cm. In Figure 1b the drain, with a radius of 2 cm, is located in the lower left corner. Three crop rows can be distinguished ( Fig. 1b ): row 1 directly above the drain, row 3 midway between two drains, and row 2 between rows 1 and 3. The volume of the rooting medium considered is 600 cm 3 (40 × 15 × 1). The drip irrigation tubes run parallel to the plant rows, with a dripper (0.075 cm⋅min -1 ) next to the plants. The irrigation tubes could be opened or closed with valves. The drip line between crop rows 2 and 3 was always open, while the drip line between rows 1 and 2 was either open or closed. The nutrient solution was applied with the drip irrigation system (fertigation).
In this study lettuce was used as the crop. Heinen [18] showed that lettuce growth was well described by a logistic growth function. In this paper simulations were done for the more or less linear growth phase of twelve days in the middle of the six weeks growth period. Also nutrient uptake during this phase was constant. Schwarz et al. [29] determined the final, two-dimensional root distribution in the sand bed system. Highest root length densities were found near the planting position, and root length density decreased with increasing distance from the plant. No accumulation of roots at the bottom was observed. Assuming that root growth can also be described by a logistic growth function (related to the above-ground growth), two-dimensional root development was modelled in this study.
The composition of the nutrient solution was as follows: NO 3 21 mmol⋅L -1 (no NH 4 ), K 11.2 mmol⋅L -1 , P 4 mmol⋅L -1 , Ca 4.6 mmol⋅L -1 , Mg 1 mmol⋅L -1 , S 1.4 mmol⋅L -1 , Cl 0.5 mmol⋅L -1 , and Na 0.03 mmol⋅L -1 . These concentrations were also used as the initial concentrations in the root zone.
The FUSSIM2 simulation model
Water movement
Richards [28] combined the continuity equation and Darcy's law [13] to obtain the general, governing flow equation for incompressible water movement in nondeformable porous media. In two dimensions the Richards equation is given as (1) where θ is the volumetric water content (mL⋅cm -3 ), t is the time (d), x is the horizontal co-ordinate (cm), z is the vertical co-ordinate oriented positive downwards (cm), K is the hydraulic conductivity (cm⋅d -1 ), h is the pressure head (cm), and S w is a sink strength for water here considered as root uptake of water (mL⋅cm -3 ⋅d -1 ). For convenience, in this paper volume of water is designated with mL while volume of substrate is designated as cm 3 . Equation (1) is non-linear due to the non-linear constitutive relationships between h, θ and K. Here the water retention characteristic θ(h) is given by the van Genuchten function [36] (2)
where S is the effective saturation (dimensionless), θ r is the residual θ, θ s is θ at saturation, and α (cm -1 ), n (dimensionless) and m (dimensionless) are curve shape parameters. The hydraulic conductivity characteristic is given by Mualem [23] 
where K r is the relative hydraulic conductivity (dimensionless), K s is K at saturation (cm⋅d -1 ), and λ is a curve shape parameter (dimensionless). Topp [34] showed experimentally that the θ(h) relationship is not unique, i.e. it is hysteretic, while the K(θ) has negligible hysteresis. Hysteresis is described by supplying both the main drying and the main wetting curves, and intermediate scanning curves are modelled with the modified, dependent domain model of Mualem [24] . The main drying and main wetting curves are both described by equation (2) with, except for the α parameter, the same parameters. Equation (1) with equations (2) and (3) is solved numerically using the "control volume" finite element method [19, 27] , in which the mass-conservative concept of Celia et al. [11] is used. The numerical solution gives for any t the θ(x,z) and h(x,z) distributions. From these the water flux densities q between any locations can be computed from Darcy's law. The water results are then being used to solve the solute transport equation.
The numerical solution can only be obtained when proper initial and boundary conditions are supplied. For the sand bed system (Fig. 1b ) the boundary conditions are as follows: • left and right: because of symmetry there is no flow across these boundaries (q x = 0); • bottom: impermeable (q z = 0), except at the drain location where free outflow occurs when at that location the substrate is saturated (h remains fixed then at h = 0); otherwise, no flow occurs across this part of the bottom (q z = 0); • top: known water flux densities, either evaporation (q z < 0) of water and/or infiltration (q z > 0) of water at the drip locations.
Heinen [18] parameterised and validated the model for water flow. The hydraulic parameters were determined as: top layer, 0-5 cm: θ r = 0.01573, θ s = 0.326, α (drying) = 0.06069 cm -1 , α (wetting) = 0.11745 cm -1 , n = 4.98171, K s = 1256 cm⋅d -1 , and λ = 0.52581; bottom layer, 5-15 cm: θ r = 0.02311, θ s = 0.311, α (drying) = 0.05312 cm -1 , α (wetting) = 0.09466 cm -1 , n = 4.90919, K s = 1256 cm⋅d -1 , and λ = 0.52581. Figure 2 presents experimental and simulated time courses of θ at three depths in the sand bed system, and of cumulative drainage. The comparison between experimental and simulated data is good.
Solute transport
As the sand is considered as inert, all solutes are dissolved in the liquid phase and no adsorption is considered (see [20] for a simple example of adsorption). In two dimensions the governing convection-dispersion equation for solute transport is then given by , (4) where c is the concentration (mol⋅L -1 ), q is the water flux density (mL⋅cm -2 ⋅d -1 ), S s is the sink strength of the solute (mol⋅cm -3 ⋅d -1 ), and θD is the dispersion-diffusion tensor (cm 2 ⋅d -1 ) given by [5, 30] , (5) where a L is the longitudinal dispersivity (cm), a T is the transversal dispersivity (cm), |q| is the absolute value of
is a tortuosity factor (dimensionless; see below), and D 0 is the diffusion coefficient in free water (cm 2 ⋅d -1 ) and is available in the literature or can be computed from [1] 
where µ is the ionic mobility of the ion (cm 2 ⋅s -1 ⋅V -1 ; see Tab. I), k B is the constant of Boltzmann (1.381 × 10 -23 J⋅K -1 ), T is the absolute temperature (K), n is the valence of the ion (dimensionless), e is the electron charge (1.6022 × 10 -19 C), and 86400 is a time units conversion (s⋅d -1 ). The tortuosity factor τ(θ) is given by a broken-line relationship [3] where θ l is the water content where the two linear lines intersect (mL⋅cm -3 ), f 1 is the slope of the second linear line (dimensionless), and f 2 is the intercept of the second linear line (dimensionless). For sand [3] we obtained θ l = 0.12, f 1 = 1.58 and f 2 = -0.17. Heinen [18] calibrated a L and a T using a measured breakthrough curve. A good agreement was obtained for a L = 2.0 cm and a T = 0.2 cm (Fig. 3 ). The simulated results were hardly influenced by the value of a T [18] . Therefore, the commonly used ratio a L /a T = 10 [5] was adopted.
The above equations can be applied to all individual ions; in this study NO 3 , K, P, Ca, Mg, S, Cl and Na were considered. However, in that case one cannot use a separate D 0 (Tab. I) as this would lead to separation of charge. Therefore, a geometric averaged D 0 was used.
The continuity equation (4) with equations (5)- (7) is explicitly, numerically solved using the most recent known output of the water parameters (θ and q). As for water, proper initial and boundary conditions are required. For the sand bed system (Fig. 1b ) the boundary conditions are as follows: • left and right: because of symmetry there is no flow across these boundaries (q sx = 0); • bottom: impermeable (q sz = 0), except at the drain location where solute drains with the water (q sz = q z c), with c the (simulated) solute concentration at the drain location; • top: no flow of solutes across the top boundary, except known inflow during fertigation at the drip locations (q sz = q z c), with c being the concentration of the nutrient solution (as given at the end of Sect. 2.1).
Electrical conductivity
When multiple ions are present in the solution, the electrical conductivity EC can be computed. Based on the theory of ionic mobility and conductivity of the individual ions, the EC (dS⋅m -1 ) follows from [1, 2, 10] 
where F is the Faraday constant (96485 C⋅mol -1 ), m s is the number of solutes, ρ s is the density of water (kg⋅dm -3 ), c i * is the concentration in mol⋅kg -1 , n i is the valence of ion i, µ i is the ionic mobility of ion i (cm 2 ⋅s -1 ⋅V -1 ; see Tab. I), and f i is the activity coefficient of ion i. The computation of f is given in Appendix 1.
Root uptake of water
De Willigen and van Noordwijk [14] considered uptake of water by a single root. Each root is surrounded by a cylinder of substrate with a radius R 1 = (πL rv ) -0.5 (cm), where L rv is the root length density (cm⋅cm -3 ). Flow of water from the bulk substrate towards the root surface q 2 (mL⋅cm -2 ⋅d -1 ) must equal flow across the root surface q 1 (mL⋅cm -2 ⋅d -1 ). Integrated over the Table I . Values for the diffusion coefficient in free water D 0 (cm 2 ⋅d -1 ), the ionic mobility µ (10 -4 cm 2 ⋅s -1 ⋅V -1 ) [2, 10] and the ion diameter d (10 -10 m) [25] for ions present in nutrient solutions. whole root system this uptake must equal the actual transpiration T a (mL⋅cm -2 ⋅d -1 ). q 1 is given by [12] 
where ∆z is the thickness of the layer considered (cm), K 1 is the hydraulic conductance of the root (cm⋅d -1 ), h rs is h at the root-substrate interface (cm), h r is the pressure head inside the root (cm), σ is the solute reflection coefficient (dimensionless), h o,rs is the osmotic pressure head outside the root (cm), and h o,r is the osmotic pressure head inside the root (cm). q 2 is based on the steady-rate distribution of the matric flux potential around the root according to (10) where ρ is the normalised radius defined as R 1 /R 0 with R 0 being the root radius (cm), φ is the matric flux potential in the bulk substrate surrounding the root (cm 2 ⋅d -1 ) and is defined as the integral of the K(h) relationship (which can be obtained by substituting Eq. (2) into Eq. (3); it is computed for h of the bulk substrate surrounding the root as obtained from Eq. (1)), φ rs is φ at the root-substrate interface, and G 0 (ρ) is a geometry function defined as
The actual transpiration rate T a is assumed to be a function of the potential transpiration rate T p and h r . For example, Campbell [8, 9] gave the following reduction function
The root water uptake model is solved by finding h r , h rs and T a for given h so that ∫q 1 = ∫q 2 = T a . It is assumed that σ, h o,rs and h or are explicitly known; h o,rs is estimated from the EC as h o,rs = -400EC [35] , with EC being the EC of the bulk substrate surrounding the root. Only for situations of limited uptake, the present nutrient uptake model (as described in next Sect. 2.2.5) yields the concentration profile around the root. For non-limiting situations (as occurred in the scenario calculations later in this paper) the present model does not yield concentration profiles around the root. The concentration of major ions around the root will be less than in the bulk substrate, while for other salts (e.g. Cl and Na) it may be higher. A priori, the concentrations and thus EC at the root-substrate interface is unknown. Therefore, it was estimated to be equal to that of the bulk substrate. Due to the non-linear relationship between h and φ and between T a and h r the solution has to be found iteratively. This model is solved for each location in the root zone yielding the local value of S w as required in equation (1) . S w is given by the local q 1 (=q 2 ) times the surface area representative for this position. S w is explicitly computed from the water status obtained at the previous time step.
In this study data of Heinen [18] were used: R 0 = 0.017 cm, K 1 = 3.6 × 10 -6 cm⋅d -1 , a = 10, and h r,1/2 = 10000 cm, and σ = 0.9 and h o,r = 0 (worst case situation). Heinen [18] also measured water use and estimated how this can be partitioned to T p and E p (see Sect. 2.3). The two-dimensional L rv distribution was obtained as described at the end of Section 2.1.
Root uptake of nutrient
Nutrient uptake is assumed to be primarily dictated by the demand of the crop. The actual uptake rate will be equal to the demand unless the substrate cannot re-supply enough nutrient to the root surface by means of mass flow and dispersion-diffusion. Based on a steady-rate approximation of the concentration profile around a root, de Willigen and van Noordwijk [15, 16] gave an expression for the maximum possible uptake rate S sm (here extended for non-zero-sink conditions) (13) where S sm is the maximum possible uptake rate (mol⋅cm -2 ⋅d -1 ), D is the diffusion coefficient (cm 2 ⋅d -1 ), cis the mean concentration in the bulk substrate surrounding the root (mol⋅L -1 ) being c as used in equation (4), c min is the minimum concentration at the root surface at which uptake can take place (mol⋅L -1 ), is the dimensionless uptake of water given by (14) and G(ρ,) is the geometry function given as (15) 
For = 0 (transport by diffusion only), G(ρ,) reduces to G 0 (ρ) as given by equation (11) .
As long as required uptake is less than S sm the uptake S s (in Eq. (4)) equals the demand, otherwise S s = S sm /∆z⋅S sm is explicitly computed from the solute and water status obtained at the previous time step. In this study the zero-sink situation, i.e. c min = 0, is used. As the demand of the crop the experimentally obtained uptake from Heinen [18] were used (see also end of Sect. 2.1). The constant required uptake rates were: N 2.808 mmol⋅plant -1 ⋅d -1 , K 1.656 mmol⋅plant -1 ⋅d -1 , P 0.1728 mmol⋅plant -1 ⋅d -1 , Ca 0.18 mmol⋅plant -1 ⋅d -1 , Mg 0.1008 mmol⋅plant -1 ⋅d -1 , S 0.05976 mmol⋅plant -1 ⋅d -1 , Cl 0.05976 mmol⋅plant -1 ⋅d -1 , and Na 0.04968 mmol⋅plant -1 ⋅d -1 .
Scenarios
Some scenario simulations of examples of possible fertigation strategies are presented. It is not meant to be an extensive search for the best fertigation strategy but to demonstrate how the simulation model can help in finding alternative strategies. The following aspects are used in this study.
• Number of drip points: 1 or 2; 1: at (x, z) = (0, 30 cm); 2: at (x, z) = (0, 10 cm) and (x, z) = (0, 30 cm). A single drip line could mean savings in the purchase of drip lines, but the question is if this would yield unacceptable EC distribution in the root zone;
• Irrigation (fertigation) when a certain threshold cumulated potential evapotranspiration (ΣET p ) has been reached: ΣET p = 0.2 cm or 1.6 cm. In the experiments of Heinen [18] and Schwarz et al. [29] a threshold value of about ΣET p = 0.2 cm was applied. However, Heinen [18] argued that more than 2.0 cm of water is easily available for uptake. Therefore, a second larger threshold value was chosen to see how this will affect the EC distribution;
• Two different "leaching fractions" (LF) are used (i.e. the ratio of amount of desired drainage and the total amount of irrigation water): LF = 0.25 or 0.5. This means that 1.33 or 2.0 times ΣET p is to be supplied, respectively. Higher LF is advised in order to remove accumulated salts, while a lower LF is desired for practical reasons (volume of drainage vessel, volume of drainage water that needs to be disinfected);
• The concentration of the irrigation water is either the standard concentration (C, as given at the end of Sect. 2.1), or one-third of this standard concentration (C/3). It is common practice to have C at a high level so that nutrients never become depleted. As explained in the introduction this results in accumulation of nutrients in the root zone. Therefore, it was decided to determine what happens if the concentration of the irrigation water is less than C;
• The number of times a nutrient solution is supplied as irrigation water: (a) each irrigation nutrient solution with concentration C is applied, or (b) each third irrigation nutrient solution with concentration C is applied while during the other two irrigations pure water (C = 0) is supplied.
In Table II the scenarios are listed that are considered. Scenario 1 is comparable to the experimental conditions of Heinen [18] . Simulations were carried out for a period of twelve days, during the more or less linear growth phase of the crop (see Sect. 2.1). For completeness, the potential transpiration and potential evaporation for these twelve days were as follows: potential transpiration: 0.211, 0.198, 0.253, 0.195, 0.120, 0.120, 0.082, 0.082, 0.075, 0.075, 0.087 and 0.087 cm⋅d -1 ; potential evaporation: 0.023, 0.026, 0.041, 0.038, 0.035, 0.035, 0.035, 0.035, 0.047, 0.047, 0.079 and 0.079 cm⋅d -1 . Evapotranspiration was assumed to occur during 14 hours of the day.
The main focus is on the EC. Bernstein [6] gave yield reductions for lettuce as a function of the EC in the saturation extract (EC e ): 10%, 25% and 50% yield reduction at EC e = 2, 3, and 5 dS⋅m -1 , respectively. EC e can be estimated from EC as EC e = EC/1.6 [33] . Presumably, yield reduction will occur at uniform EC e . The initial concentration (see Sect. 2.1) results in EC = 2.76 dS⋅m - 1   Table II . Summary of scenarios considered: number of drippers, threshold evapotranspiration value ΣET p (cm), leaching fraction LF, frequency of use of nutrient solution as irrigation water (1/1: each irrigation a nutrient solution is used; 1/3: each third irrigation a nutrient solution is used while pure water is used the other two times), and the concentration C of the nutrient solution (C: standard nutrient solution; C/3: one-third of the concentration of the standard nutrient solution). and EC e = 1.725 dS⋅m -1 . This is presumably the optimal EC for lettuce. When the average EC in the root zone increases yield reduction is likely to occur, e.g. due to osmotic hindering of water uptake. When the average EC in the root zone decreases, nutrient uptake may become limited.
RESULTS AND DISCUSSION
The results that will be shown are: visualisation of flow during an irrigation event (Sect. 3.1; scenario 1), time course of concentration at selected locations during an irrigation event (Sect. 3.2; scenario 1), and for fertigation strategies 1, 2, 3, 5, 6, and 7 spatial EC distributions at one moment -i.e. just before the start of a fertigation event -are shown (Sect. 3.3). The results for scenarios 4, 8, 9 and 10 are very much similar to those of scenarios 3, 6, 7 and 7, respectively, and, therefore, are not shown. Because the actual spatial EC distributions change in time, a snap-shot of the distribution itself does not say too much. Paper, however, does not allow one to show patterns of change in time. Therefore, an animation program is available that shows how the spatial EC distribution changes in time (Sect. 3.4). Figure 4 shows for four typical moments during an irrigation event how water flows through the root zone. The arrows represent the vectors constructed from the local average q x and q z data. The patterns for a solute are almost identical, indicating that mass transport is dominating.
Visualisation of flow during a fertigation event
Prior to the start of irrigation ( Fig. 4a) water moves predominantly upwards. The small horizontal components are due to movement towards regions with the highest L rv . Most roots are in the upper layers and below the plants, and at the surface water evaporates. Thus, upward movement of water results.
When irrigation starts water moves vertically downwards below the drip location. Figure 4b shows the pattern just before drainage starts. Drainage starts only some time after the start of irrigation because first resupply of water must occur before the bottom becomes saturated.
When at the drain location the substrate becomes saturated, drainage occurs. A saturated zone develops at the bottom (shaded area in Fig. 4c ). Figure 4c pertains to the time just before irrigation halts. The main flow path is from the dripper location towards the drain. Note that there is almost no flow occurring in the upper left corner ("dead" corner), so that there only minor refreshment of nutrient solution will occur.
After irrigation stops, drainage will continue for a while until the substrate at the drain location becomes unsaturated. In Figure 4d the situation is shown just before drainage will stop; there is still a small saturated zone present (shaded area in Fig. 4d ). After drainage stops, a similar situation to that in Figure 4a will develop.
Time course of the concentration of a solute during a fertigation event
In Figure 5 the simulated c distribution of a solute, e.g. N, at times t = 0 min and t = 160 min (comparable to Figure 6 the horizontal line at c = 15 mmol⋅L -1 represents the concentration of the irrigation water.
Accumulation of solutes near the surface are due to two processes: (1) water evaporates at the surface leaving the solutes behind, and (2) the standard concentration of the nutrient solution is larger than the uptake concentration -defined as the ratio of amount of solute taken up and amount of water taken up -resulting in accumulation of solutes in the zones of high L rv , i.e. in the top layer of the root zone.
Snap-shots of EC distributions at different fertigation strategies
In Figure 7 snap-shot distributions of simulated EC are shown for scenarios 1, 2, 3, 5, 6, and 7 (counterclockwise starting from the upper left corner). Scenario 1 is similar to the experimental conditions used by Heinen [18] and will serve here as the reference situation. Applying a twice as large LF (scenario 2) does not result in a clear improvement with respect to scenario 1. Increasing LF results in an extension of the period of both irrigation and drainage, and from Figure 4c and Figure 4d we know that water predominantly moves from the dripper towards the drain, so that the upper left corner is hardly refreshed.
Because ample water is available in the root zone, there is no need to irrigate frequently [18] . When we wait eight times longer between irrigation events, the EC at the surface increases drastically (scenario 3). This implies that in many cases for the sand bed system the start of irrigation is determined by EC control rather than by a shortage of water.
The presence of a second dripper results in a somewhat different EC distribution (scenario 5) than for scenario 1. But this is not yet a big improvement.
When only every third irrigation is carried out with a nutrient solution (scenarios 6 and 7) then the EC at the surface does not increase too much. The average EC in the root zone (in Fig. 7) is close to the EC of the nutrient solution. From Figure 7 it could be concluded that scenario 6 is the best scenario. However, Figure 7 is just a snap-shot. If a series of snap-shots (using the animation program of Sect. 3.4) is considered, then it follows that scenario 6 yields sometimes too low EC values in the root zone. Probably a better strategy would be to use a nutrient solution as irrigation water every other irrigation event instead of each third irrigation event.
Scenarios 1 and 5 are comparable to the experimental conditions used by Schwarz et al. [29] , except that Schwarz et al. [29] used LF = 0.5 for the case with two drippers. These authors concluded that for optimal crop growth drippers should be present next to each plant and that a high LF should be applied. This first conclusion is in agreement with the findings in this paper, while the effect of LF in this paper (comparing scenarios 1 and 2) is only minor.
Animation software
For a proper interpretation of the effect of a scenario on the EC distribution in the root zone, the spatial EC distribution as a function of time must be considered. This is hard to show on paper. Therefore, an animation software program is available to view the development of the spatial EC distributions. A demonstration version of this program is available from the author 1 which includes the data for all scenarios considered in this paper.
SUMMARY AND CONCLUSIONS
Standard theories for water movement, solute transport and uptake by roots of water and nutrients can also be used for coarse porous media, used as root zone substrates in glasshouse horticulture. In this paper a simulation model (FUSSIM2) was briefly described. Water movement is modelled by the Richards equation with the constitutive relationships between h, θ and K given by the van Genuchten and Mualem functions. The Richards equation is implicitly solved using the control volume finite element method. The convective-dispersive solute transport equation is explicitly solved. No adsorption is considered as the substrate used in this study is assumed to be inert. Other chemical (equilibrium) processes are Figure 7 . Simulated EC distributions for scenarios 1, 2, 3, 5, 6, and 7 (see Tab. II). The patterns represent a snap-shot just before the start of an irrigation. The rectangular shape represents the root zone of the sand bed with the drain located in the lower left corner, and the drippers are indicated with dots at the substrate surface.
1. download via http://www.alterra.wageningenur.nl/animat/animat.zip; via E-mail: m.heinen@alterra.wag-ur.nl disregarded, such as precipitation, changes in water density due to increased concentrations, and no micro-scale solute distributions around the root are simulated. Microscale distributions are only temporarily used for the determination of the maximum possible uptake of nutrients by a model presented by de Willigen and van Noordwijk. Nutrient uptake will result in a change of the bulk concentration in the substrate surrounding the root. Water uptake is more or less treated analogously to nutrient uptake.
With the help of such a simulation model the effects of different management strategies can be simulated, so that in a later stage promising strategies can be tested in practice. Here, the study is restricted to presenting some illustrative examples of alternative fertigation strategies for a system used by Heinen [18] . Although in the root zone of this system there is ample water available, frequent irrigations are required to control the EC distribution in the root zone. For this system and the scenarios studied it is concluded that a dense grid of drippers, e.g. one dripper per plant, is required. Refreshment of the solution in so-called dead corners in the root goes slowly, so that irrigating with high leaching fractions did not result in a more homogeneous EC distribution.
Although this simulation has some (chemical) shortcomings, it can serve well to get ideas of the dynamics of water and nutrients in the root zone.
